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Abstract 
This theoretical concept permits to obtain information on the 
real droplet size and the.characteristics of the droplet deposits 
from spray pattern of a smooth artifical target or smooth 
biological surfaces. The evaluation procedure, applicable to 
both polar and apolar spray liquids over the whole spectrum of 
droplet sizes, is based on the experimental measurement of the 
contact areas and the contact angle between the spray liquid 
and the target surface. 
For normal distribution the spray characteristics of a trial 
can be quantitatively described by two experimental quan­
tities, the total contact area (A) and the wetting factor (S), and 
by the statistical parameters of the droplet distribution, such as 
numerical average radius (µ) and standard deviation ( o). A 
comparison with the spray volume applied provides informa­
tion on the spray recovery without using additional analytical 
procedures. The theoretical concept has been experimentally 
supported by field trials in pine forests and comparative 
studies of arti ficial and biologkal targets under laboratory 
conditions. 
Zusammenfassung 
Das vo_rgeschlagene Evaluierungskonzept bildet die Grundlage für 
eme n_utzhche u_nd präzise Methode mit vielseitigem Anwendungs­
potential fur Spruhbelage aus Feldversuchen. Das Konzept erlaubt die 
Bestimmung der ausgebrachten Tropfengrößen und der charakteristi­
s�hen Daten des SJ)rühbelags, wenn der Kontaktwinkel der Sprühflüs­
s1gke1t mit der Z_ieloberfläche und die jeweiligen Kontaktflächen
expe�1mentell bestimmt werden können. Das Evaluierungsverfahren 
1st fur das gesamte Spektrum möglicher Tropfcngrößen vielseitig 
anwendbar, sowohl für glatte künstliche und biologische Zielflächen 
a_ls auch für polare und apolare Sprühflüssigkeiten. Es wird theore­
usch gezeigt_, daß bei Normalverteilung des Tropfengrößenspektrums 
eme quantitative Beschreibung durch die Experimentalgrößen 
Gesamtkontaktfläche (A) und Benetzungsfaktor (S) sowie die statisti­
sc�en Parameter mittlerer Radius (µ) und Standardabweichung ( o) 
moghch 1st. 
Das theoretische Konzept wird experimentell bestätiot durch Meß­
daten aus dem Kronenraum von Kiefern und vergleiche�den Untersu­
chungen an künstlichen und biologischen Oberflächen unter Laborbe­
dingungen. 
lt is weil known that the spray quality has a profound 
influence on the efficiency of the biologically active materials 
(MAAS, 1971). 
In particular, environmental pressures on pesticide use have 
accelerated the development of techniques optimizing the pest 
control with agrochemicals ancl reducing the drift problem. 
The delivery of drops to the target surfaces in adequate 
reliability is the prime requirement of good spraying. There-
Nachrichtenbl. Deut. Pflanzenschutzd. 44. 1992 
fore, the main features of spray deposits, such as droplet 
density, droplet size distribution and average droplet size, are 
of permanent interest (MAKSYMIUK, 1962, H1GGINS, 1967, 
HlMEL, 1967, DAUM, 1968, GöHLICH, 1975, TAYLOR, 1987, 
GANZELMEI R, 1989, GöBEL, 1989). 
Recently, refined experimental techniques have been used 
to obtain information on the coverage of target surfaces. The 
application of the digital image analysis is of ingular import­
ance and benefit to measure the total contact area of deposits 
containing fluorescent tracers (STEDEN, 1990). 
Furthermore, attention has been paid to the problem of 
spray recovery. In this case, the amount of spray liquid in the 
target area as weil as its ratio to the spray amount applied have 
to be determined. The amount of spray liquid in a target can 
be estimated by collecting the spray-containing analytically 
suitable additives, such as dyes or fluorescent tracers (MAAS, 
1971). 
On the other hand, highly sensitive laser light scattering 
methods have been established for inflight droplet sizing (TA v­
LOR, 1990, Lu0Ew1G, 1990) to characterize moving spray 
clouds, such as the spacial variation in droplet size and veloc­
ity. This paper is focused on presenting a theoretical evalua­
tion concept for spray desposits. It is theoretically shown that 
the main characteristics of a spray deposit can be determined 
when the contact angle of the spray Liquid with the target 
surface and the distribution of the contact areas have been 
measured. The general validity of the theoretical approach is 
tested with artifical and biological targets under laboratory 
conditions ancl in field trials. 
Theory 
In recent papers (VOLLHARDT, 1987, VoLLHARDT,. 1991) we 
have shown that spherical spray droplets with the radius (r) are 
transformed into spherical segments of the same volume at the 
target area. The volume (v) of such a spherical segment is a 
function of the contact angle (8) between the spray liquid and 
the solid surface and of the radius of the spherical contact area 
of the spherical segment (a) 
V = f (a, 8). (1) 
Hence, the total amount of spray liquid can be calculated 
provided that the droplet size distribution and the contact 
angle (8) can be experimentally determined. 
The calculations have shown that for a constant contact 
angle there is a constant ratio a/r, expressed by the wetting 
factor (S), over the whole droplet spectrum 
S = a/r. (2)
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lnserting Eq. (2), the circle volume of a spray droplet can be 
expressed as 
4lt a3 v=--
3 S3 
(3) 
where as is the radius of the spherical contact area of the 
captured droplet and S the wetting factor. lt is easily seen that 
Eq. (3) is the basis for comparing the spray quality of various 
plant surfaces provided the contact angle of the spray liquid 
with the plant surface can be measured. Consequently, the 
surface coverage measured on a suited target gives informa­
tion on the adequate surface coverage of any real target in 
horizontal position. 
As shown recently (VoLLHARDT, 1987) the wetting factor is 
given by the expression 
S = 2 Sill 8 (2 (2 - (l - sin28) I/Z (2 + sin28))]-l/3. ( 4) 
Insertion of Eq. (4) into Eq. (3) yields 
3 
v = � (2 - (1- si1i28) 112 (2 + sin28)]. (5) 3 SIil 8 
In the particular case of 8 > 90 ° the radius R of the spheri­
cal segment is experimcntally measured when the optical 
projection technique (VoLLHARDT, 1991] rather than the 
radius a of the contact area is used. The experimental determi­
nation of both R and a is possible by lateral optical projection 
of the spherical segment. Accordingly, we have to consider the 
volume of the spherical segment as a function of 8 and R. 
With 
v = f(8, R) (6) 
a = R sin e (7) 
the volume of a spray droplet can be expressed as 
v = lt ..,R
3 
(2 - (1- sin28) 112 (2 + sin28)]. (8) 
.) 
Finally, the total volume of the spray droplcts (V) collected 
on a target area can be calculated by 
or 
V = lt (2 - (1 - sin
28) 112 (2 + sin28)]
L a3 (9) 3 sin38 
V = � (2 - (1- si1i28)112 (2 + sin28)] L R3 3 (10) 
These Eqs. (9) and (10) have important practical conse­
quences for evaluating the spray quality. According to our 
previous papers (12-14], the new concept permits to obtain 
information from the spray pattern of a suitable artificial 
target not only on the real droplet size, but also on the total 
amount of spray liquid. A prerequisite for this concept is that 
the droplets cannot be ruptured during the transformation to 
spherical segments. 
Additional aspects important for practical application can 
be derived by factorization of Eqs. (9) and (10) 
and 
with 
V= F(8) · L a3 
V= K(8) ·L R3 
lt (2 - (1- sin28) 112 (2 + sin28)] F(8) = 3 . 38Sill � 
(11) 
(12) 
(13) 
and 
K(8) = � (2 - (1- sin28) l/2 (2 + sin28)]. (14) 3 
As a consequence of the factorization, the effect of both 
variables of Eqs. (13) and (14) can be considered. 
We should point out that for a constant contact angle (8) the 
total volume of deposited spray liquid is only a function of the 
sum of the·contact radii (see Eq. (11)). This condition can be 
fulfilled when a suitable artificial target is used for an applied 
spray liquid. The total sum of contact areas is experimentally 
difficult to access. The relative coverage of particular target 
areas can be used to estimate a medium coverage of the overall 
area investigated. However, the statistical evaluation of the 
spray deposits is a better way to express the total sum of 
contact areas. 
On the other hand, Eqs. (13) and (14) predict the effect of 
the contact angle on the spray deposition. In Figure 1, the 
factors of Eqs. (13) and (14) are plotted as a function of the 
contact angle. lt is interesting to r-iote that both functions, F(x) 
and K(x) show an inflection point at 90 degrees where holds a 
= R (a and R are identically) according to highest sensitivity. 
Due to these facts the highest experimental error can be 
expected in the contact angle range of 90 degrees. lt is seen, 
furthermore, that below and above 90 degrees there is a broad 
contact angle range with the continuously decreasing factors K 
and F. This indicates the best conditions for experimental 
work under theoretical aspects. 
Contact angles ranging below 30 degrees or above 150 
degrees show small factors which decrease rapidly and are less 
suitable as droplet target. 
[n the following discussion the statistical aspect of the 
proposed evaluation procedure of spray deposits is consid­
ered. The spray deposit is generally characterized by a number 
representing the "avcrage diameter". In general, therc is a 
direct correlation between the total volume (V) of the spray 
liquid and its total contact area (A) for a known contact angle 
and known distribution of droplet radii (r). As known, the 
distribution of the droplet radii (r) is dependent on the physi-
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Fig. l. Factors K of Eqs. (11), (13) and F of Eqs. (12). (14) as a function of 9. 
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cal properties of the nozzle (several types, spray pressure, 
pump output, etc.) and several properties of the spray liquid 
(viscosity, surface tension, etc.). The proposed evaluation 
technique for spray patterns forms a basis to determine experi­
mentally the droplet size distributions. 
To demonstrate the statistical aspect of the evalution proce­
dure we consider a normal distribution of the radii (r) with the 
mean value (µ), defined as numerical average radius, and the 
standard deviation (o). 
r - N(µ, a) (15) 
According to the volume of spheres we obtain for the total 
spray volume 
4Jt 
Y=-Lr3
3 
Considering Eq. (2), the total contact areas are given by 
(16) 
A=nS2 L·r2 (17) 
where S is exclusively a function of e (see Eq. (4)). 
Combination of Eqs. (12) and (13) leads to 
4 L r3 
V = A 
3 sz L r2 . (18) 
Assuming a normal distribution, N(µ, o), the ratio of L r2 to 
L r3 can be expressed in dependence Oll the parameters µ and 
a. 
According to the Appendix, in the case of a normal distribu­
tion we finally obtain 
4 µ3 + 3µo2 
V= A - (19) 
3 s2 µ2 + 02 
Equation (19) describes the ratio between the total spray 
volume deposited and the total contact area by the parameters 
of the normal distribution considering the contact angle func­
tion expressed by S. 
Results and Discussion 
The above evaluation method offers the possibility to calculate 
the total amount of spray liquid deposited in the target area 
without additional experimental expenses. 
The experimental procedure (VoLLHARDT, 1985, 1987) is 
based on measurements of the projected profiles of the contact 
areas (a) (for 8 < 90 °) or of the spherical segments (R) (for 8 
> 90 ° ) and the contact angle (8) between the spray liquid and
the capturing medium.
The accuracy of measuring these quantities allows us com­
pletely to analyse the spray quality Oll a target area including 
the degree of coverage and the total amount of spray liquid. 
Thus, additional information on spray recovery can be 
obtained in trial work. lt is reasonable to define the horizontal 
plant surface as a reference state and, consequently, to intro­
duce artifical targets as standards. 
On the other hand, with the statistical parameters of the 
droplet sizing eq. (19) forms the basis for obtaining informa­
tion on the recovery. The spray recovery of a trial can be 
directly calculated provided the spread factor (S), the numeri­
cal average radius (µ), and the standard deviation ( o) are 
known. 
The advantage of this method is that expensive procedures, 
such as collecting spray liquid from an artificial target and 
additional analytical experiments, can be avoided. 
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Table 1. Contact angle 8 and contact diameter 2a of bidistilled water 
droplets with a volume of 0.004 ml 
glass-covered with silicon resin 
8/deg 2a/mm s 2a/S 
90.0 2.445 1.26 1.940 
90.0 2.436 1.26 1.933 
89.9 2.448 1.26 1.943 
90.0 2.475 1.26 1.965 
89.5 2.479 1.27 1.952 
89.0 2.461 1.27 1.938 
90.0 2.529 l.26 2.007 
barley/seed leaf 
8/deg 2a/mm s 2a/S 
128 1.632 0.81 2.015 
129.5 1.541 0.79 1.950 
130 1.615 0.78 2.071 
124 1.660 0.86 1.930 
128 1.633 0.8] 2.016 
127 1.560 0.82 1.902 
131 l.612 0.78 2.067 
turnip cabbage/seed leaf 
8/deg 2a/mm s 2a/S 
102 2.183 1.13 1.932 
100 2.302 l.15 2.002 
101 2.189 1.14 1.920 
LOS 2.153 1.10 1.957 
103 2.147 J.12 1.917 
100 2.336 1.15 2.031 
one-year-olcl pine needles 
8/deg 2a/111111 s 2a/S 
81 2.603 1.6 l.914
78 2.563 1.39 l.844
75 2.720 1.43 ] .902
83 2.531 1.34 1.889
77 2.624 l.40 1.874
85 2.517 1.32 1.907
81 2.640 1.36 1.941
Comparison of the results of various procedures with the 
approach proposed is currently under way in our laboratories. 
A prerequisite for the application of the theoretical evalua­
tion concept is the general validity of the fundamental equa­
tion (2). To verify this evaluation concept experimentally we 
determined the experimental parameters necessary to evaluate 
the spray quality under very defined conditions. 
According to Eq. (3) the volume of a droplet captured is a 
function of the radius of the spherical contact area (a) and the 
wetting factor (S) which only depends on the contact angle (8) 
as expressed in Eq. (4). As recently shown (VüLLHARDT, 
1987, 1991), the contact angle (8) is independent of the droplet 
size over the whole range of the droplet spectrum. Therefore 
the contact angle (8) can be measured in a range of experimen­
tal confidence. 
These parameters 8 and a measured for an artifical target as 
weil as plant surfaces have been compared with the objective 
to support the general validity of the theoretical approach. Of 
course, additional aspects of the real systems, such as inclina­
tion and location in the canopy, have not been considered in 
this concept. However, it is important to note that the data of 
the contact angle (8) are not affected by the inclination of the 
target as the influence of the gravity can be neglected in the 
considered range of droplet sizes. 
Under laboratory conditions the contact angles (8) and the 
diameter of the contact areas (2a) for bidistilled water droplets 
of 0.004 ml volume have been measured on an artificial sur-
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face (glass-covered with silicon resin), three different seed 
leaves and pine needles. A Measuring Projector MP 320 (Carl 
Zeiss, Jena) has been used to experimentally determine the 
contact angles (8) and the diameters of the contact areas (2a) 
of the liquid drop�ets. For these measurements the leaves or 
needles have been carefully stuck to a solid support to bring it 
completely in a horizontal position without injuring the leaf 
surface. 
The results are compiled in Table 1. The wetting factors (S) 
given in Table 1 were calculated according to Eq. (4). For 
constant droplet volume (v) of the same spray liquid a constant 
ratio 2a/S has to be expected for various surfaces (see Eq. (2)). 
The 2a/S data of the various targets agree indeed reasonably 
weil within the experimental error. 
These experiments demonstrate convincingly that the 
theoretical concept is applicable for both artificial targets and 
the various biological materials. These findings are of import­
ance for theoretically supporting previous qualitative results 
(BENGTSSON, 1961) that there is a correlation between the 
wettability of the plant surface and its contact angle with the 
spray liquid. Information obtained with a suitable artificial 
target allows to draw comparative conclusions for the same 
spray liquid on various plant surfaces in horizontal position. In 
view of these results it is also interesting to note that recently it 
was found (HOFFMANN, 1988) that during the same trial the 
droplet densities are the same on pine needles as weil as 
artificial targets. 
Additionally, the above theoretical evaluation procedure 
has been tested with different spray deposits of low-volume 
trials for pine forests. The dosage rate was 25 1/ha in conven­
tional spraying. In these cases the deposits have been meas­
ured on artificial targets sectioned in relevant target zones in 
order to reflect the efficiency of the canopy penetration of the 
pi ne forests. 
Examples of droplet distributions as attained on artificial 
targets in pine forests are shown in Figs. 2a-d. For the analysis 
of the spray pattern the droplets have been categorized in 25-
µm size classes. A more detailed description of the experimen­
tal procedure and the evaluation of the spray pattern is given 
elsewhere (18). The droplets on the artificial target were 
classified in different droplet size classes as shown in Fig. 2a-d. 
These data demonstrate the variety of the droplet size distribu­
tion. 
Nevertheless, the experimental data of the droplet distribu­
tion obtained for field work have been used to verify the 
applicability of Eq. (19) derived for normal distribution. A 
comparison of the volume (V) determined experimentally 
(HOFFMANN, 1988) with those calculated according to Eq. (19) 
dem?1�strates convincingly the good agreement (see Table 2). Add1twnally, Eq. (19) can be transformed in such a way that 
the left-hand side comprises all quantities to be experimentally 
Table 2. Evaluation of the Droplet Distributions shown in Figs. 2a-d 
System b e s m deg 
Dimilin 30 35.5 2.0 Dimilin 40 35.5 2.0 Decis 30 30.0 2.13 Decis 40 30.0 2.13 
Al A0 - relative coverage of the artificial targctV - recovcry obtained by the artificial target
µ - numcrical average radiuso - standard deviationb - swath width
NA0 µ µm 
0.009 72.65 0.014 73.9 0.006 66.7 0.008 65.75 
determined whereas the right-hand side comprises the para­
meter of the droplet distribution within the canopy of the pine 
forests. 
3VS2 µ3 + 3µo2 
4A µ2 + a2 (19a) 
As the data for the 4 practical examples show the experi­
mental term of the left-hand side agrees quite weil with the 
parameter term of the droplet distribution on the rioht-hand 
side (Table 2). 0 
Consequently, the correlation between the statistics of the 
droplet distribution and the experimental quantities necessary 
to describe the theoretical approach has been corroborated by 
these data obtained in field trials. 
Conclusions 
In conclusion, the new evaluation concept is a useful, accurate 
method with good potential applications for investigating the 
spray depositions of field trials. The new concept permits to 
obtain information from spray pattern of both and smooth 
artificial target and smooth biological surfaces on the real 
droplet size and the characteristics of the droplet deposits. 
The main advantage of evaluation procedure is that all 
characteristics of spray deposits on various taroets can be 
determined when the contact angle of the spray liq0uid with the 
capturing medium and the distribution of the contact areas 
have been measured. 
Furthermore, it is theoretically shown that for normal distri­
bution the spray characteristics of a trial can be quantitatively 
described by the experimental quantities total contact area 
(A), the wetting factor (S) and the statistical parameters, such 
as the numerical average radius (µ), standard deviation (o) are 
known. 
The evaluation procedure can be used for apolar as weil as 
polar spray liquids over the whole spectrum of droplet sizes. 
The theoretical concept is applicable for both artificial targets 
and various biological materials as demonstrated by field trials 
with (in) pine forests and comparative studies under labora­
tory conditions. 
Appendix 
According to the normal distribution presumed and its density 
function known 
0 
21.8 36.4 31.95 44.18 
(x-r,)2 
L 202 f(x) = 112 e (2n) o 
3VS2/4A (µ3 + 3µa2)/(µ2 + 02) µm µm 
90.0 84.65 96.4 103.4 96.4 91.6 102.] 106.7 
(20) 
V v,hcor 1/ha 1/ha 
2.7 2.5 4.5 4.8 
1.7 1.6 2.4 2.5 
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Fig. 2. Droplet size classification of spray pattern obtaincd on artificial 
targcts in pine forcsts for an emission of 25 l/ha 
a - aqueous Dimilin solution (6 g/1), swath width: 30 m 
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b - aqueous Dimilin solution (6 g/1), swath width: 40 m 
c - aqueous Dccis solution (6 ml/1), swath width: 30 111 
d - aqueous Decis solution (6 ml/1), swath width: 40 m 
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the following integral representations are given
(x-µ)2 
r= i L r2 = M -=J (21t)112 o x
2 e
L r3 = M . x3 eJ= 1 
-= (2n) 11
2 o 
2a2 
(x-µ)' 
2o2 
dx (21)
dx (22)
where M is the normed factor of amount and x the integration
variable.
Substituting
x-µX=-­
o 
it follows by integrating
(x-µ)' 
-=r x2 e - � dx = (2n) 112 (oµ2 + o3)
and analogously
(x-µ)' 
2o2 dx = (2n) 112 (oµ3 +3µo3 )
(23)
(24)
Taking into account Eqs. (19) and (20) the ratio of .I r2 to .I r3 
is further simplified to obtain
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